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X-ray diffraction patterns from samples in the laser-heated diamond
anvil cell

Wendy R. Paneroa) and Raymond Jeanloz
Department of Earth and Planetary Science, University of California, Berkeley, California 94720

~Received 7 August 2001; accepted for publication 15 November 2001!

Thermal pressure and thermal expansion have competing effects on x-ray diffraction patterns
obtained from polycrystalline samples at high pressures~10–100 GPa! and temperatures~300–4000
K! within the laser-heated diamond cell. Modeling shows that realistic temperature and pressure
variations within the sample cause systematic shifts in diffraction-line positions and shapes,
predicting that inferred values of pressure and thermal expansion coefficient can be off by 0.5%–
20% and up to 50%–100%, respectively. Peak splitting due solely to temperature variations within
the sample can be spuriously ascribed to the occurrence of a phase transition. The Debye–Waller
factor has a systematic effect on diffraction-pattern intensities, but a negligible effect~,0.1%! on
line positions except in extreme cases. ©2002 American Institute of Physics.
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INTRODUCTION

In situ high-pressure, high-temperature x-ray diffracti
measurements are required for the accurate determinatio
the pressure and temperature of phase transitions,
pressure–volume–temperature (P–V–T) equations of state
of crystalline materials. The laser-heated diamond-anvil c
coupled with x-ray powder diffraction, allows for structur
and volume data to be obtained up to several mega
(1011 Pa) in pressure and;5000 K in temperature.

X-ray diffraction measurements with continuous las
heating require a well-aligned system in which the x-r
beam is collinear with either a single- or double-sided la
heating system~Fig. 1!. Temperature measurements are ma
through spectroradiometry,1 either at a single point or as
function of distance across the sample. These measurem
are typically performed along a viewing direction that is c
axial with the beam of the heating laser, and are there
insensitive to axial variations in temperature. That is, ax
gradients are not directly measured, although their ma
tudes are often reflected through secondary effects suc
broadening of x-ray diffraction lines.

Systematic errors in the determination of the press
and temperature of a sample inside the laser-heated diam
cell cause significant errors in the measurement of such p
erties as the coefficient of thermal expansion. An inappro
ate assignment of the peak temperature to the x-ray sam
volume results in as much as a 100% error in thermal exp
sion values derived from the experiments, as does a sys
atic error in the density determination. Here we exam
temperature and pressure variations in the laser-he
diamond-anvil cell, and their effects on the x-ray diffractio
patterns that are used for determining crystal structures
equations of state.

a!Present address: Department of Geological Sciences, University
Michigan, Ann Arbor, MI 48109-1063; electronic mai
wpanero@umich.edu
2760021-8979/2002/91(5)/2769/10/$19.00
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TEMPERATURE AND PRESSURE VARIATIONS IN THE
LASER-HEATED DIAMOND-ANVIL CELL

Changing the temperature of the sample affects the
served x-ray diffraction lines through thermal expansion
the crystal lattice, shifting diffraction lines to larger inte
atomic spacings. However, the thermal expansion coeffici
a:

a5S ] ln V

]T D
P

~1!

is defined for constant-pressure conditions, whereas the
portion of the sample is confined by colder material~e.g.,
colder portion of the sample; thermally insulating or stre
relaxing medium around the sample; diamond anvils! and
can therefore remain at a near-constant volume, resultin
little or no shift of x-ray diffraction lines. Instead, the pre
sure~P! in the hot region increases through thermal pressu
Pth :

Pth5P~T,V!2P~300K,V! ~2!

as

Pth5aKTDT'a0K0TDT, ~3!

whereV is the unit-cell volume,T is the temperature,DT is
the difference betweenT and ambient,KT is the isothermal
bulk modulus, and subscript 0 indicates a value at zero p
sure @the approximation in Eq.~3! is that the product of
thermal expansion and bulk modulus is constant, which
justifiable at elevated temperatures and pressures#.2

In reality, experiments have shown that neither limit
constant volume nor constant pressure is accurate
samples inside the laser-heated diamond cell.3 Instead, some
degree of both thermal expansion and thermal pressur
found. Therefore, the exact amount of shift of a diffracti
line depends on the degree to which the sample is hel
constant pressure~maximum shift! versus at constant volum
~minimum shift!.

of
9 © 2002 American Institute of Physics
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If temperature is constant within the x-ray volume, th
a well-calibrated internal standard intimately mixed with t
sample can be used to constrain the magnitudes of the
expansion and thermal pressure achieved during laser h
ing. However, several models of the temperature distribu
inside the laser-heated diamond-anvil cell have demonstr
the occurrence of strong temperature gradients across
sample.4–8

Laser-heated samples exhibit temperature gradi
within the diamond cell for at least two reasons~Fig. 1!.
First, the power density of absorbed laser light usually va
across the focal spot of the heating-laser beam within
sample. Although use of multiple laser modes can help
duce radial gradients of heating~absorbed laser power!
across the hot zone within the sample,9 heat conduction pre
cludes the complete neglect of radial temperature gradie
Second, because diamond anvils have a large thermal
ductivity, the temperature at the diamond-sample interfac
approximately ambient, resulting in large axial gradie
through the~relatively thin! sample.4 Thermal-insulation lay-
ers are often placed between the sample and diamonds
attempt to reduce axial temperature gradients. While this
significantly decrease axial gradients within the sample,
use of insulation layers decreases the sample volume, ra
the potential for sample contamination~e.g., by chemical re-
action with the insulation material!,10 and increases the un
certainty in x-ray geometry. Moreover, temperature gradie
tend to become larger with increasing pressure because
sample and insulation layers become thinner, thereby
creasing the relative amounts of axial to radial heat cond

FIG. 1. Schematic cross section of a sample loaded between insul
layers in a laser-heated diamond anvil cell. Diffraction from an x-ray be
~diameter 2X!, aligned colinearly with the beam of a heating laser~waist
2R: not indicated here!, is used to determine the lattice parameters of
sample of interest. The resulting temperature distributions are shown.
radial temperature distribution@T(r )# is similar to that of the radial power
distribution in the laser beam, modulated by radial heat flow to giv
half-width at half maximums @see Eqs.~4! and ~5!# ~bottom!. Axial tem-
perature distributions@T(z)# are shown on the sides. When using insulati
layers, the axial gradients within the sample are reduced~right side!. With-
out the use of insulation layers, the axial temperature distribution is appr
mately parabolic, dropping to ambient near-temperature at the diamond
faces ~left side!. Typical dimensions for such experiments are: 2D
510– 30mm, 2l 51 – 20mm, 2X55 – 20mm, 2s'2R530– 100mm, and
total sample diameter of 50–500mm.
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tion. The magnitude and precise geometry of the tempera
variations depend upon the radius of the laser beam,
thicknesses of the sample and any insulation layers, and
specific material properties of the sample.7

Temperature variations within the diamond cell can
duce pressure variations due to thermal pressure@Eqs. ~2!
and ~3!#. Because of the temperature gradients, each por
of the sample can thus be under different pressure conditi
independent of pressure variations due to material stren
and nonhydrostaticity upon loading. Variations in press
due to laser heating need to be quantified so that x-ray
fraction of a sample under realistic conditions can be int
preted. However, few have closely examined the press
variations inside the diamond cell due to thermal pressu
Dewaeleet al.6 address the specific case of thermal-press
effects on the phase boundaries of a silica sample in an a
pressure medium, and others~e.g., see Ref. 11! have dis-
cussed possible effects of thermal pressure on equation
state measurements.

We develop a simple model of steady-state tempera
and pressure variations within the~cw! laser-heated
diamond-anvil cell. These models apply to samples
which the absorption of the laser beam is assumed cons
with thickness. This is approximately true for dielectr
samples, either if they are sufficiently transparent~weakly
absorbing! or, for more strongly absorbing samples, wh
laser heated from both sides~from above and below in Fig
1!. Metallic samples absorb the heating laser beam withi
thin skin depth, such that the observed radial tempera
distribution is more readily interpreted;5 such samples are
therefore not explicitly considered in our general discussi
but because metallic samples are equivalent to highly
sorbing samples in the case of double-sided heating and
small thicknesses (l !D) our analysis can still apply.

Assuming a TEM00 ~gaussian! mode for the heating la-
ser, the resulting radial temperature distribution is appro
mately gaussian and the axial variation is approximat
parabolic.4,5,7,8 For a sample having constant thermal co
ductivity and no insulation, the half-width of the radial tem
perature profile at half the peak temperature@half width at
half maximum~HWHM!#8 is

s5R~0.8810.98AD/R! ~4!

where 2R is the beam waist of the heating laser, and 2D is
the gasket thickness~Fig. 1!. For the case of a sample wit
insulation layers, the width of the hotspot is only slight
greater

s5R~0.8810.98AD/R!@1.07820.078~ l /D !#, ~5!

where 2l is the sample thickness. These relations are sligh
modified for a sample with thermal conductivity inverse
proportional to temperature, as is typical for dielect
materials.7

For no insulation layers and constant thermal conduc
ity, the complete temperature distribution is approximatel

T~r ,z!5~Tm2T0!e2~r /s!2
@12~z/D !2#1T0 , ~6!

whereTm is the peak temperature~i.e., the highest tempera
ture of the three-dimensional hotspot!, T0 is the ambient tem-
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perature,z is the axial dimension, andr is the radial dimen-
sion. For the case of insulation layers and no axial gradie
within the sample

T~r ,z!5~Tm2T0!e2~r /s!2
1T0 uzu, l , ~7a!

T~r ,z!5~Tm2T0!e2~r /s!2S 12
~ uzu2 l !

~D2 l ! D1T0 uzu. l .

~7b!

To generalize the discussion of temperature and pres
variations within the hotspot, the hotspot radius, sam
thickness, temperature, and thermal pressure can be
pressed in nondimensional terms as

r5r /s, ~8a!

z5z/D, ~8b!

t5~T2T0!/~Tm2T0!, ~8c!

p5Pth /K0T . ~8d!

Assuming no stress relaxation within the hot zone of
sample, the nondimensional thermal pressure@Eq. ~3!# and
temperature@Eq. ~6! ~no insulation! or Eq. ~7! ~with insula-
tion layers!# for constant thermal conductivity are

p~t!5a0~Tm2T0!t, ~9!

t~r,z!5exp~2r2!~12z2! ~no insulation!, ~10a!

t~r,z!5exp~2r2! ~ insulation; uzu, l /D !, ~10b!

t~r,z!5exp~2r2!S 12
z21/D

12 l /D D ~ insulation; uz

u. l /D). ~10c!

The thermal pressure is approximately linear with tempe
ture at high temperatures; under these conditions, the ac
pressure in the sample varies linearly with temperature o
to the degree that the sample remains at constant vol
during heating.

Figure 2 shows temperature~t! and maximum therma
pressure~p! contours for a sample assembly with consta
thermal conductivity, assuming typical values ofa0

51025 K21 andTm52500 K, both for a sample with~right!
and without insulation layers~left!. The former, exhibiting
no axial gradients in the sample, is an idealization o
sample that is well insulated from the diamonds and is re
istic only for very thin (l !D) and sufficiently absorbing
samples heated from both sides.12

With the usual~along-axis! technique of measuring tem
perature by spectroradiometry, the observed gray-body ra
tion is obtained from all levels across the full thickness o
dielectric sample, yielding a Planck-like spectrum at an
parent temperature slightly lower than the true pe
temperature:5 a small, but systematic effect@Fig. 2~a!#. As
blackbody radiation collected from optically thin samples
dominated by thermal emission from the hottest portions
the sample, the temperatures measured from either side
semitransparent insulated sample are not representativ
the temperature of the sample surface, but of nearly the
test portion of the sample. Thus, differences in tempera
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
ts

re
e
x-

e

-
al

ly
e

t

a
l-

ia-

-
k

f
f a
of
t-

re

measurements made from the two sides cannot be taken
indicator of axial temperature gradients under su
conditions.13

Temperature gradients within the x-ray diffraction vo
ume act to lower the average temperature of the volume
low that of the peak temperature value. In fact, these low
temperatures tend to dominate the x-ray diffraction volu
because of the cylindrical symmetry of the temperature p
files ~i.e., greater areal or volume contribution from cool
regions of the sample, at large radius from the center of
hot spot!.14 This is in contrast with the weighting of th
sample’s blackbody spectrum toward the peak temperat
as just noted. The sample temperature to which the x-
diffraction is most sensitive thus depends on the ratio of
x-ray spot size~diffraction-volume radius! to the character-
istic dimension of the radial temperature distribution; the
fect of axial gradients is largely independent of the x-r
beam diameter. Therefore, it is the volume-average temp
ture in the part of the sample probed by the x-ray beam~not
the temperature of the sample’s average blackbody emiss!

FIG. 2. Contour plots of normalized temperaturet ~b! and thermal pressure
p ~c!, and corresponding profiles@~a! and ~d!, respectively#, for samples in
the laser-heated diamond anvil cell calculated assuming a cw heating
operating in TEM00 mode. The left side (s/R,0) of each panel is calcu-
lated for a sample with no insulation layers@Eq. ~6!#, and the right side
(s/R.0) for a strongly absorbing sample of thicknessl 50.3D heated from
both sides. Note that the effect of the insulation layers is to broaden
hotspot radially by about 7%. A comparison between the maximum value
z/D50 ~heavy solid curve!, and the vertically averaged values~thin solid
curve! in panels~a! and~d! indicates that both radial and axial variations
pressure and temperature affect x-ray diffraction measurements. An ex
mental complication for optically thin samples is that the effect of the ax
temperature gradients is to produce a blackbody spectrum having cont
tions from the full thickness of the sample@dashed curve in~a!#, such that
the measured temperature is 3%–6% lower than the actual peak tempe
distribution atz/D50.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that should be used to interpret diffraction patterns obtai
from the laser-heated diamond cell.

EFFECT OF TEMPERATURE DISTRIBUTION ON X-
RAY DIFFRACTION PEAK SHAPES

The focus of the present study is on the effects of re
istic temperature distributions on high-pressure x-ray diffr
tion patterns. Consequently, the models presented here
glect sample-dependent diffraction effects that
independent of temperature, such as atomic scattering fa
and the absorption of x rays by the sample. We also ign
experimental complications such as temporal fluctuation
temperature, misalignment of the laser-heating spot with
center of x-ray diffraction, variations in sample thickness,
complications with the precision and accuracy of measur
temperatures and temperature gradients.

We model four different geometries of laser-heating w
x-ray diffraction~Table I!: ‘‘perfect’’ insulation layers versus
no insulation, as indicated in Fig. 1, and a relatively lar
hotspot (s54X) versus a narrow hotspot (s5X). These
represent extremes in temperature gradients, from stron
virtually none. For the extreme of a sample with no insu
tion layers, large axial temperature gradients are obtai
within the sample,T8(z) ~prime indicates differentiation
with respect to the indicated coordinate! ~Fig. 1, left!. How-
ever, the lack of insulation layers can serve as an advant
because the temperature variations can be modeled prec
given just the peak temperature and the thickness of
sample ~measured from the gasket thickness after
experiment!.8 While this geometry may not be ideal for us
in a P–V–T equation of state measurement, it does all
for a better constraint on the actual temperature variati
within the x-ray diffraction volume than when insulation la
ers are present~as these layers require extra modeling!.

At the other extreme, samples with perfect insulation
modeled as having no axial temperature gradients~Fig. 1,
right!. Insulation layers often have variable thickness and
layers on either side of the sample may differ in thickne
especially when considering insulation layers loaded a
fluid ~e.g., Ar, Ne!. With increasing pressure, the samp
thins, which facilitates axial heat conduction; thus, an
crease in pressure generally increases both radial and
temperature gradients,T8(r ) andT8(z).7 Also, traditionally
chosen insulation or pressure-medium layers~e.g., NaCl, Ar,
He! tend to be more compressible than the sample of inter
so that the insulation layers thin more rapidly than t
sample with increasing pressure. This results in the oc
rence of significant temperature- and pressure-depen

TABLE I. Models considered for calculating peak shapes.

Temperature conditions considered P–V cases

I X5s perfect insulation A Constant volume
II X5s/4 perfect insulation B Constant pressure
III X5s no insulation C Volume and pressure intermedi
IV X5s/4 no insulation
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
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axial gradients across the sample. Therefore, models tha
nore axial temperature gradients~Fig. 1, right side!, should
be taken as an idealization.

The x-ray beam used in the experiment is collimated
focused to a size comparable to, and preferably much sm
than, the diameter of the laser-heated spot. With increa
pressure, however, a thinner sample has a small hotspot,
that the ratio of the hotspot size~s! to the x-ray spot size~X!
typically decreases with increasing pressure for a giv
sample, regardless of the insulation that is used.8 Conse-
quently, in addition to modeling the effects of two extrem
in axial gradients, we also model the effects of variations
radial gradients~Table I!.

When laser heated, the pressure in the sample chang
response to thermal pressure and to stress relaxation o
sample and surroundings~e.g., pressure medium and gaske!;
the measured unit-cell volumes correspondingly change
response to thermal expansion and pressure relaxation o
sample. Because of the competing effects of thermal exp
sion ~at ;constant pressure! and thermal pressure~at ;con-
stant volume!, the preciseP–V conditions are not knowna
priori . Therefore, temperature and unit-cell volume of a st
dard must be measured in order to determine the pressu
the sample throughout the heating cycle@e.g., see Ref. 3#.

Here we consider three differentP–V paths in order to
model diffraction patterns obtained during laser heating
samples inside the diamond cell~Table I, Fig. 3!: ~A!
constant-volume~‘‘rigid container’’! conditions, in which the
lattice parameters of the sample remain constant upon h
ing; ~B! constant-pressure conditions, in which the unit-c
volume increases with increasing temperature at each p
across the sample according to the thermal expansion o
material; and~C! an intermediate case in which the therm
energy is split between increasing the pressure and exp
ing the volume of the sample. Specifically, at each point
the x-ray volume the unit-cell volume of the material of i
terest is defined by

V~T,P!5V~300K,P0!11/2@V~T,P0!2V~300K,P0!#, ~11!

e

FIG. 3. Pressure~dashed contours, in GPa! as a function of volume and
temperature calculated for gold at an initial pressure of 20 GPa. The t
P–V conditions considered in the present models, A, B, and C, are sho
For a given case, each point in the x-ray volume can be found along
curves as indicated; the only variable~for a given material and peak tem
perature! is then the pressure at 300 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 20 S
TABLE II. Thermoelastic properties of materials considered.

Pt Au MgO Diamond NaCl

V0 ~Å3! 60.38b 67.83d 74.67e 45.38f 179.22h

Q ~K! 230c 170d 945e 2230g 304i

K0T ~GPa! 278b 167 ~6!d 162.5~0.2!e 444 ~3!f 23.8 ~7.5!h

KT8 5.6b 5.48 ~0.54!d 4.13 ~0.09!e 1.9 ~0.3!f 4 ~3.9!h

g 2.4 ~0.5! 2.95 ~0.43!d 1.54e 1a 1.59 ~0.04!i

q 1.5 1.7~0.7!d 1a 1a 1a

aAssumed value.
bSee Ref. 20.
cSee Ref. 18.
dSee Ref. 21.
eSee Ref. 22.
fSee Ref. 23.
gSee Ref. 26.
hSee Ref. 24.
iSee Ref. 25.
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whereP is the actual pressure at that point, andP0 is the
pressure given isobaric conditions.

Case A is trivial, as there is no shift in x-ray diffractio
peaks or shapes. Case B is extreme in assuming com
stress relaxation and is generally not observed
experiments.3 Therefore, case C is the most representative
typical experimental conditions, although it must be reco
nized that states can range between A and C not only f
one experiment to the next but even within a single hea
cycle during one experiment.

For each of the four geometries of temperature distri
tion, we model five simple materials having cubic unit cel
Au, Pt, MgO, NaCl, and diamond. These materials are co
monly used as internal standards@e.g., see Ref. 15#, and rep-
resent extremes in thermal expansion and compressib
~NaCl and diamond! ~Table II!.

Throughout our analysis, the pressure–volum
temperature relationships are defined by a Mie–Gru¨neisen
equation of state,@e.g., see Ref. 2#:

P~V,T!5
g

V
@Eth~T,Q!2Eth~300K,Q!#1P300~V!,

~12!

whereQ is the Debye temperature andg is the Grüneisen
parameter. The thermal energy,Eth , is determined through
the Debye approximation~n is the number of atoms pe
chemical formula unit,R the gas constant,x is Q/T!:

Eth~T,Q!5
9nRT

x3 E
0

x j3

ej21
dj ~13!

andP300(V) is determined by the third-order eulerian finit
strain ~Birch–Murnaghan! equation of state

P300~V!53K0Tf ~112 f !5/2@12 3
2~K824! f #, ~14!

where

f 5 1
2@~V0 /V!2/321# ~15!

andK0T is the zero-pressure isothermal bulk modulus~with
pressure derivativeK8!. As before,V is the unit cell volume
ep 2002 to 164.54.160.87. Redistribution subject to A
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n
f
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m
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at P andT, andV0 is the volume at zero pressure and 300
The Debye temperature and Gru¨neisen parameter are take
to be only functions of volume

g52
d ln Q

d ln V
~16!

and

q5
d ln g

d ln V
~17!

such that

Q5Q0 expH g0@~V/V0!q21#

q J . ~18!

For each point in the x-ray diffraction volume, the po
tion of the sample intersected by the x-ray beam, it is the
fore possible to calculate iteratively a unit-cell volume giv
T(r ,z), material properties~Table II!, and assumptions on
the pressure conditions of the sample according to the cu
in Fig. 3. For all cases but constant-volume conditions,
resulting x-ray diffraction peaks are shifted, changing
shape and location due to the temperature variations.
cause the geometry of the temperature distribution is s
that a greater portion of the x-ray diffraction volume is
lower temperatures than at the peak temperature, calcul
diffraction peaks should have asymmetries reflecting the
tual temperature distribution within the x-ray volume.

For purposes of illustration, diffraction-peak shapes
calculated assuming a relatively high resolution, or narr
isothermal peak profile, ofdd/d50.15%, whered is the
interplaner spacing. This profile is representative of the p
widths observed for hydrostatic samples using angular
persive diffraction onto image plates, assuming a typical
perimental geometry of a 25 cm sample-to-film distance a
an image plate resolution of 50mm. Decreased resolution
~wider isothermal peaks! simply smears out the peaks ob
tained at high temperatures.

The contrast between constant-pressure~case B; black
curves! and constant-volume conditions~case A; gray
curves! is illustrated in Figs. 4~a!–4~e! for each material of
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2774 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 W. R. Panero and R. Jeanloz
FIG. 4. Predicted diffraction-peak shapes for each material listed in Tab
assuming ~a!–~e! constant-volume~gray curves: case A! or constant-
pressure conditions~black curves: case B!, or ~f!–~j! intermediate conditions
~case C!. An initial pressure of 20 GPa and a peak temperature of 300
are assumed, and labels on the curves indicate theP–V case and tempera
ture conditions according to Table I: Bold lines indicateX5s ~conditions I
and III!, thin lines indicateX5s/4 ~conditions II and IV!, dashed lines
indicate no insulation layers~conditions III and IV! and solid lines indicate
perfect axial insulation~conditions I and II!. All profiles are calculated as
suming an isothermal peak width~HWHM! of 0.003 Å (dd/d50.15%).
The diffraction peaks shown are the 100% intensity line for each mate
~@111# for Au, Pt, and C;@200# for MgO and NaCl!. While the temperature
and pressure conditions are above the melting point for some of the m
rials, they represent the expected range of behavior for studies with
laser-heated diamond-anvil cell. Pressures at the hotspot center are 20
for all samples under constant-pressure conditions~case B!. Central pres-
sures are 38, 37, 28, 38, and 31 GPa, respectively, for Au, Pt, NaCl, diam
and MgO under constant-volume conditions~case A!.
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
Table II under each of the four temperature conditions
Table I. For specificity, these are calculated assuming a p
temperature of 3000 K and an initial pressure of 20 G
Under constant-volume conditions, the patterns are un
fected by thermal expansion so that there is no effect du
the temperature gradients: neither change in position
shape takes place, even with extremely large tempera
gradients. However, the sample pressure is very differen
the two cases, A and B, and depends on the tempera
distribution for constant-volume conditions~the peak pres-
sure is 48 GPa in the latter instance for Au: Fig. 3!. Figures
4~f!–4~j! shows the predicted peak shapes for the interme
ate case~case C!. Here, the pressure is 20 GPa for tho
portions of the sample at 300 K, and higher~due to thermal
pressure! for portions of the sample at higher temperature

With the exception of those peaks reflecting negligib
temperature variations~e.g., small x-ray beam and insulate
sample: II of Table I!, all peaks show significant deviation
from gaussian for either constant-pressure~B! or intermedi-
ate ~C! P–V conditions. Notably, for a sample without an
axial gradients, a large-radius diffraction volume withX
5s ~temperature condition I! results in a diffraction line
with a distinct shoulder—even for diamond, the mater
with the lowest thermal expansion. The apparent splitting
the diffraction peak results from the combined effects of~i!
the T(z,r ) temperature variations, with significantly mor
signal coming from the lower- than the higher-temperat
portions of the sample; and~ii ! a thermal expansion coeffi
cient rapidly changing with temperature, as implied by E
~12! and ~13!. The diffraction peak is dominated by contr
butions from the edges of the sample and from where
coefficient of thermal expansion is not changing as rapid

The resulting peak shapes may lead to incorrect interp
tations of data. For example, the shoulder could be in
preted as indicating that the sample undergoes a h
temperature phase transition that does not quench to r
temperature~e.g., as might be expected for a displacive tra
sition!. In fact, indications of an orthorhombic phase of iro
reported at about 45 GPa and 2100 K,16 and not seen at room
temperature, could instead be attributable to thermal exp
sion effects in a sample with significant temperature va
tions. In these experiments, a diffraction-line splitting
dd/d;1.9% was observed from an insulated Fe foil that w
laser heated from one side only, with as/X'1. Assuming a
linear temperature gradient through the sample, where
unheated side of the foil is 60% of the laser-heated side5 a
gaussian radial temperature distribution withX5s and
pressure-volume case C produces a splitting of 1.8%,
proximately the observed splitting. This calculation requir
numerous assumptions; though plausible, without publis
measurements of peak temperatures and radial temper
gradients of the sample, it is impossible to provide a be
estimate.

While these findings are troubling, no evidence for su
odd profiles as shown in Fig. 4 have been reported to d
Peak widths obtained from energy-dispersive x-ray diffra
tion systems are 3–5 times wider than assumed in the pre
models ~due to limited energy resolution of current dete
tors!. However, when resolution improves—with the use
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high-resolution image plates, for instance—the peak sha
derived in the present study should be observable. Figu
shows the effect of lower resolution on the predicted diffra
tion pattern for gold. In the case of no thermal pressure~B!,
some effect on the peak shape is evident@Fig. 5~a!#. Still,
because constant-pressure conditions are unrealistic, it is
sonable that such results have not been reported. Indeed
conditions intermediate between maximum thermal press
and maximum thermal expansion~C!, the diffraction lines no
longer appear split@Fig. 5~b!#.

The lack of diffraction-peak broadening in certain e
periments has been cited as evidence for minimal temp
ture variation within the x-ray volume.17 To the degree tha
the sample remains at constant volume, however, this a
ment is not valid; more generally, it needs to be critica
evaluated relative to the resolution of the detection syst
Figures 4 and 5 show that the position and width of ea
diffraction peak are determined both by the temperat
variation across the sample and by the specificP–V path
followed upon heating. As one example, assuming temp
ture condition I, the diffraction-peak width for gold de
creases from 0.029 Å (dd/d51.4%) in case B~constant
pressure! to 0.015 Å (dd/d50.38%) in case C and 0.003 Å
~i.e., the detector resolution;dd/d50.15%! in case A~con-
stant volume!. The same studies that cite lack of peak broa

FIG. 5. Predicted peak shapes for the@111# line of gold at 20 GPa deter-
mined with a detection system having lower resolution than shown in Fig
dd/d50.6% ~gray! compared todd/d50.15% ~black!, for temperature
condition I. Models are for~a! constant-pressure conditions~case B!, and~b!
half the maximum thermal expansion~case C!. In the latter case, the cente
of the peak~right-hand gray bar!, corresponding to a compressionV/V0

50.954, indicates a pressure of 24.0 GPa for a volume-average tempe
of 2006 K. The average of the actual sample pressure is 25.5 GPa, c
sponding to a compression ofV/V050.927~left-hand gray bar!, leading to a
1.5 GPa underestimate of pressure.
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
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ening as evidence for minimal temperature variations a
must invoke significant thermal pressure, either to recon
extreme thermal expansion values or to correct the inter
standard pressure. However, an increase in pressure d
heating requires that the volume of the cell is constrain
restricting thermal expansion and therefore, the width of
peak. Even with the best possible resolution of an ener
dispersive x-ray system, these effects are smeared out
that only broadening is observed, with the non-Gaussian
nal significantly suppressed. Therefore, the lack of broad
ing of a diffraction peak does not necessarily demonstrate
lack of temperature gradients if there is any evidence of th
mal pressure.

Complicating these arguments is the fact that ev
though the bulk of the sample seems to follow a particu
P–V–T path upon heating~intermediate between isochori
and isobaric conditions!, there is no reason to expect th
each point across the sample volume behaves the same
the coldest portions of the cell do not undergo the sa
relaxation as the heated portions. Intergranular stres
broaden the peak widths but have been shown to relax w
heated to high temperatures,3 whereas lower-temperatur
portions of the sample are likely to retain much of this stre
Temperature-~and therefore position-! dependent stress re
laxation can thus bias the peak widths toward those porti
of the sample that are colder, further tending to shift t
observed peak position while smearing out the peak sha

INFERRED PRESSURES OF SAMPLES:
IMPLICATIONS FOR P – V – T EQUATIONS OF STATE

Because of the uncertainty of theP–V–T path followed
by the sample during laser heating, experiments require
incorporation of a well-calibrated internal standard that c
be assumed to experience the same pressure and tempe
conditions as the sample. Thus, any high-pressure, h
temperature equations of state must be measuredrelative to
that of a well defined standard. In general, the maxim
temperature that is measured or some average temperatu
the diffraction volume is taken to be the temperature rep
sentative of the measured diffraction pattern, and it is
sumed that the sample of interest experiences the s
pressure-temperature environment as the internal stand
However, the center of the diffraction peak expected for
volume-average temperature under the conditions define
Eq. ~11! ~case C of Table I!, is not the center of the calcu
lated peak shape. There is a significant offset because
average expansion across the temperature distribution is
the same as the expansion derived for the average temp
ture. This difference introduces systematic biases in the
ferred pressure, such that the measured pressure from a
ternal standard is typically less than the actual pressure.

Recent experiments have noted a discrepancy betw
data collected through differentin situ techniques: results
from the multianvil press and laser-heated diamond anvil
have been shown to imply a 2–3 GPa difference in infer
phase boundaries,13 as well as inconsistent determinations
thermoelastic properties.17 Several explanations have bee
suggested to explain these differences, from uncertaintie
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the thermal equation of state of the internal standard to
presence of nonhydrostatic stresses.

As observed in Fig. 5~b!, however, the lattice paramete
inferred from the center of the strongest diffraction peak
gold is systematically larger than the actual average lat
parameter ~by dd/d50.28%), hence, the pressure th
would be inferred is lower than the actual average press
of the sample. The difference in measured and actual p
sure is approximately the same magnitude as the uncer
ties in pressure due to uncertainties in temperature and in
equation of state of the internal standard. These system
effects can result in an incorrect determination of a ph
boundary or the pressure derivatives of thermodynamic
rameters.

Figure 6 shows the pressure correction required in or
to obtain internally consistent results, given the particu
P–V conditions of the sample and the temperature distri
tion across the x-ray volume. With some indication of t
sample condition, between constant-volume and const
pressure, the appropriate systematic correction can be
plied to the pressure calculated from a gaussian fit to
diffraction peaks. Although small, this correction can he
explain the difficulties in determining relative equations
state between well-studied materials. For example, at h
temperatures~volume average temperature of 2000 K!, a
well-insulated sample of gold and MgO at 20 GPa~constant-
pressure conditions! should indicate pressures of 17.5 a
18.6 GPa, respectively. This is not only a difference of pr
sure between the sample and standard of 1.1 GPa, but

FIG. 6. Correction to the pressure inferred from the diffraction pattern
quired in order to obtain the actual pressure of the sample forX5s under
~a! constant-pressure conditions, and~b! conditions intermediate betwee
constant pressure and constant volume~case I, C!. Solid curves are for gold,
and dashed are for MgO. Black is for a volume-average temperature of
K, and shades of gray are for 2000, 1500, and 1000 K.
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
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with both determinations lower than the actual pressure~by
7%–12%!.

Viewed in another way, considering a sample with
accurate pressure determination the systematic error in
ume determination causes an error of up to 100% in
inferred thermal expansion. For instance, under the co
tions of Fig. 5~a! ~case B; temperature condition I!, the vol-
ume for gold at 20 GPa and 3000 K would be overestima
by 1.3%, leading to an overestimate of the average~300–
3000 K! thermal expansivity by 531026 K21, a discrep-
ancy of about 40%.

COMPARISON WITH DATA

Figure 7 shows energy-dispersive x-ray diffraction da
collected at the GSECARS beamline 13-IDD. The sample
interest ~a mixture of oxides! was insulated from the dia
monds using polycrystalline MgO layers and heated to
same peak temperature, 2150~675! K, but using two differ-
ent laser modes for heating, thereby varying theX/s ratio.
Both diffraction patterns were taken with the same x-r
beam dimension (X'10mm), yet the data collected using
TEM00 mode (s58 mm) at 27.4 GPa is 27% wider than th
peak collected using a TEM01* heating mode (s515mm) at
35.5 GPa. Given the peak positions, the pressures infe
from these diffraction lines would be 27.1 and 35.1 GP
respectively~systematic errors of 0.3 and 0.4 GPa!. While
different sample loadings, each of the diffraction patterns
from the end of a heating cycle and is therefore assume
be for an annealed sample. Indeed, both samples exhib
MgO peak width full width at half maximum~FWHM! of
0.02 Å after heating@to peak temperatures of 2300~690! K
and 2500~675! K, respectively#, comparable with the detec
tor resolution of the energy-dispersive system~150 eV at 25
keV, or dE/E5dd/d50.6%). The present measuremen
are therefore insensitive to microshear strain within the in
lation layers.

-

00

FIG. 7. Diffraction-peak profiles for two samples contained between M
insulation layers, with peak temperatures of 2150~675! K in both cases.
Gray bold line is for data collected from a sample heated using a TE00

mode laser (X/s'1) at 27.4 GPa, while the black bold curve is from
sample heated by TEM01 mode laser (X/s'0.5) at 35.5 GPa. The 27%
greater width of the gray curve, relative the black curve, can be expla
entirely by the greater temperature gradients in the x-ray volume. T
curves are for a model of diffraction-peak shapes assuming an isothe
peak width of 0.02 Å, as measured from postheating x-ray diffraction.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Forward modeling of the peak profiles show that t
P–V relationship can be determined for the sample, give
known temperature distribution across the x-ray diffract
volume. Modeling the peak shapes assuming half ther
pressure and half thermal expansion conditions~case C!, and
a linear temperature distribution through the sample, rep
duces the observed diffraction lines~Fig. 7!. While no peak
splitting or shoulders are observed, the diffraction peaks
slightly asymmetric in accord with the model calculation
Data collected from a system with better resolution will
required in order to measure the predicted peak shape
detail.

EFFECT OF THE DEBYE–WALLER TEMPERATURE
FACTOR

An additional complication of x-ray diffraction measur
ments from samples under temperature gradients is the e
of the Debye–Waller temperature factor, which predicts
decreasing intensity of diffraction due to increasing amp
tudes of atomic vibrations~i.e., less coherent scattering! with
increasing temperature.18 The Debye–Waller factor is ap
plied directly to the intensity of the diffraction peak

I 5I 0e22M, ~19!

whereI is the intensity of the peak,I 0 is the intensity at 0 K
and, for cubic materials,M is

M5
6h2T

mkQ2 Ff~x!1
x

4G S sinu

l D 2

, ~20!

where h, k, m, u, and l are Planck’s constant, Boltzman
constant, mass of the atom, diffraction angle and wavelen
respectively, withx5Q/T. The functionf(x) is

f~x!5
1

x E0

x j

ej21
dj ~21!

and can be evaluated through series solutions.19

The Debye–Waller effect depends on pressure thro
the volume dependence of the Debye temperature@Eqs.
~16!–~18!#. Over the temperature range possible within t
diffraction volume, the effect of the Debye–Waller factor c
be significant: up to 60% variation inI /I 0 for gold. However,
the pressure effects are much smaller, because the pre
variations within the hotspot are smaller, such that even
the most extreme case of isochoric conditions, the Deb
Waller factor only varies by;10% or less, due to pressur
variations across the sample.

Figure 8 illustrates the effect on the inferred peak sh
for gold of the case involving full thermal expansion of th
sample@viz. Fig. 4~b!#, showing the additional effect tha
inclusion of the Debye–Waller factor has on the calcula
diffraction line for gold. Because the intensity of diffractio
is greater at low temperatures, the low-temperature en
the diffraction curve is emphasized but the general p
shape is unchanged.

X-ray diffraction is more sensitive to those parts of t
x-ray volume that are at lower temperature for two reaso
The first is the cylindrical symmetry of the hotspot~Fig. 2!,
which preferentially weights diffraction from large-radiu
Downloaded 20 Sep 2002 to 164.54.160.87. Redistribution subject to A
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values~hence, lower temperatures!. Put simply, a larger frac-
tion of the x-ray diffraction volume within the sample is
lower rather than higher temperatures. The second reaso
the greater diffraction intensity of the crystal at lower tem
peratures due to the Debye–Waller factor. Therefore, b
the geometrical and thermal effects cause the x-ray diffr
tion measurement to be more sensitive to the lowest~rather
than the highest! temperatures in the x-ray diffraction vo
ume. In an effort to quantify this effect, a weighted avera
temperature of the x-ray diffraction volume is defined.
each point of the sample volume is then weighted by
Debye–Waller factor, we can define a weighted average t
perature according to the intensity of x rays coming fro
each point within the diffraction volume

Tw5
*0

D*0
Xe22MT~r ,z!rdrdz

*0
D*0

Xe22Mrdrdz
, ~22!

whereT(r ,z) is defined by Eq.~6! or ~7!.
For each material, the geometrically averaged tempe

tures~e22M51; unweighted! are systematically larger tha
the weighted averages, reflecting the fact that the x-rays
preferentially diffracted from the lower-temperature regio
of the sample~Fig. 9!. Those geometries with the smalle
temperature variations are less affected by such a phen
enon; however, the present models are an idealization,
no sample is likely to have such small temperature va
tions. When combining the temperature variation across
sample with the Mie–Gru¨neisen equation of state, the diffe
ences in inferred temperature affect the inferred pressur
the sample, potentially resulting in errors in assessing
equation of state or phase boundary of the sample. Figu
~right side! shows that the effect on the inferred pressure
this difference in temperature is systematic, though sma
in magnitude than the influence of peak shapes due to
thermal expansion effects discussed earlier.

SUMMARY

The models presented here illustrate some of the fac
that must be included in the analysis of x-ray diffractio
patterns taken from the laser-heated diamond cell~i.e., in the

FIG. 8. Effect of the Debye–Waller factor on a diffraction-peak sha
~gray! compared with the predicted peak shape assuming a constant De
Waller factor over the temperature range in the x-ray volume~black! for
case B and condition I. The Debye–Waller factor acts to decrease inte
at highd spacings, corresponding to the hotter portions of the sample, r
tive to low d spacings.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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presence of temperature gradients!. Even in the ideal case o
small radial gradients and no axial gradients in temperat
the pressures inferred for a sample can be differ from
actual pressure by as much as 20%. In addition, for sam
containing materials with distinctly different thermoelas
properties, the inferred pressures would be expected to d
from each other because the temperature to which each
terial is most sensitive is different. Therefore, when meas

FIG. 9. Difference between the volume-average temperature and
volume-average temperature weighted by the Debye–Waller factor@Eq.
~22!#, and corresponding pressure differences inferred from calibration s
dards:~a! Pt; ~b! Au; ~c! MgO; ~d! diamond; and~e! NaCl. Bold lines are for
X5s and thin lines are forX5s/4, whereas solid lines indicate perfe
axial insulation and dashed lines indicate no insulation layers.
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ing the relative equations of state of materials, for exam
of a sample relative to a standard, it is crucial to take in
account the temperature distribution and its effects on
diffraction pattern. Given the models presented here, the
internal standards for a particular experiment are those w
thermoelastic parameters as similar as possible to thos
the sample of interest.
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